Introduction 44
The increasing environmental pollution and energy insecurity are pressing issues in our present 45 society, which makes it important to look for integrated strategies that provide a solution to 46 both issues. The fossil resources around the world are being depleted at a tremendous velocity, i.e., reaching a global total energy use of 1.64 × 10 5 TWh in 2017 to which renewable sources 48 only contributed 25% (Enerdate 2018 ). This makes a transition towards sustainable resources 49 for materials and energy of key importance to halt the increase in CO2 equivalents emissions 50 and related climate change (De Meester et al. 2012; Hagos et al. 2017 ). Anaerobic digestion 51 (AD) is a microbial process that can be one of the possible solutions for this problem. The 52 number of full-scale AD plants is still increasing nowadays, even though it already exists for 53 decades (Charnier et al. 2016 ). The success of AD lies in the fact that it does not only allow the 54 stabilisation of organic waste streams, but it is also a key technology for the recovery of energy 55 (Demitry 2016) . The methanogenic archaea are the most critical microorganisms in the AD 56 process, because they are responsible for the production of the energy-dense CH4, which can 57 be used for electricity and heat production via a combined heat and power unit (Holm- Nielsen 58 et al. 2009 ). However, these methanogens are most sensitive to suboptimal process conditions, 59 e.g., the presence of potential toxic compounds and organic overloading, and, hence, are 60 susceptible to process failure (Appels et al. 2008 ). This sensitivity can in some cases prevent 61 implantation of this technology (Demitry 2016) . 62
One of the most common solution for preventing process failure is anaerobic co-digestion. Co-63 digestion can improve process stability, by (1) diluting potential inhibitory substances, such as 64 feedstocks is another problem that hampers an efficient co-digestion process (Hagos et al. 68 2017) . 69
Another strategy to improve process stability is bioaugmentation, whereby a specific 70 consortium, either enriched or isolated from similar systems or obtained from other ecosystems, 71 is added to enhance the desired activity ( and/or facilitate recovery of the reactors after an organic overload (Lynch et al. 1987 ). The 75 disadvantage of this method is that it requires a certain volume of the biomass itself to be 76 replaced, i.e., 10 % or more, whereby it is often not cost-efficient (De Vrieze and Verstraete 77 2016; Fotidis et al. 2014) . Usually, only a temporal increase in CH4 production can be observed, 78 due to wash-out of the bioaugmented microorganism and/or possible competition with the 79 indigenous microorganisms (Schauer-Gimenez et al. 2010) . 80
The addition of cations is also an alternative to solve the problem of process stability. The 81 influent often contains a suboptimal ratio of the most common cations, i.e., Ca 2+ , Na + , K + and 82 Mg 2+ (Kugelman and McCarty 1965 ). An imbalance of this ratio can cause inhibition of the 83 methanogens, which leads to process failure. To prevent this occurrence, the addition of other 84 cations can restore the optimal balance in the feedstock, and this should result in optimal 85 conditions for the microorganisms (Appels et al. 2008; Kugelman and McCarty 1965) . The 86 downside of this approach is that these cations are costly, i.e., the bulk market price of CaCl2 is 87 around € 150-250 ton -1 , while the bulk market price of MgCl2 ranges between € 250-300 ton -1 88 (www.icis.com, consulted June 2019), and their addition to the feedstock will result in an 89 increase in the conductivity, which can have an overall negative impact on the microbial 90 community. Hence, preventing AD process failure via an economically feasible approach is a 91 key aspect that requires further investigation before such a prevention strategy can be applied 92 at the full scale. Such a strategy will further solidify the use of AD, which will result in a higher 93 sustainability in the use and recovery of the energy, combined with an environmental friendly 94 way to treat organic waste streams (Chen et al. 2008) . 95
The aim of this research was to tackle process failure in a cost-efficient manner by considering 96 the importance of continuous inoculation or bio-augmentation through microorganisms in the 97 feedstock. Two different process disturbances, i.e., organic overloading and increasing levels 98 of salts were considered, given the potential different impact of feedstock inoculation. We 99 hypothesized that the microorganisms present in the feedstock can (1) support processes 100 resistance against disturbances, and (2) enhance recovery following process inhibition. 101
Experimental procedures 102

Inoculum and feedstock 103
The inoculum for the operation of the lab-scale anaerobic digesters was obtained from the full-104 scale sludge digester of the wastewater treatment plant the Ossemeersen (Ghent, Belgium) 105 (Table 1) . The waste activated sludge (WAS) that was used as feedstock was also obtained from 106 the Ossemeersen in two separate batches that were used in the first and second stage of the 107 experiment, respectively ( Table 2 ). The WAS was stored at 4°C until use. 108 109
Experimental design and operation 110
Six glass Schott bottles with a total volume of 1 L and a working volume of 800 mL were 111 operated as lab-scale anaerobic digesters. The digesters were sealed with air-tight rubber 112 stoppers, and connected to a water displacement system via gas-tight PVC tubing to monitor 113 biogas production. The liquid in the water displacement system had a pH < 4.3 to avoid the CO2 114 in the biogas from dissolving. Gas samples were collected via a Laboport ® vacuum pump (KNF 115 Group International, Aartselaar, Belgium) and glass sampling tube of 250 mL (Glasgerätebau 116
Ochs, Lenglern, Germany) for further analysis. 117
The digesters were operated in a semi-continuous stirred tank reactor mode, at mesophilic 118 conditions in a temperature-controlled room at 34 ± 1°C. The reactors were initially filled to a 119 total volume of 800 mL with inoculum, which was diluted with tap water to obtain an initial 120 VSS (volatile suspended solids) concentration of 10 g L -1 . The digesters were fed manually by 121 briefly opening the digesters, three times a week with WAS. Three digesters (biological 122 replicates) were fed fresh WAS, while the three other digesters (also biological replicates) were 123 fed WAS that was autoclaved (30 min at 121 °C) twice (Table S1 ). This double autoclaving 124 step, with an incubation period of 6-12 hours at room temperature between the two 125 autoclavation steps, was included to ensure complete sterilisation of the sludge, including 126 spore-forming bacteria. 127
During the start-up phase (day 0-26), the organic loading rate (OLR) was slowly increased from 128 0.94 to 3.75 g COD L -1 d -1 (chemical oxygen demand), and the hydraulic retention time was 129 decreased from 40 to 10 days (Table 3 ). From day 27-126 on, an OLR of 3.75 g COD L -1 d -1 130 was maintained (WAS1), and between day 127-207, an OLR of 4.47 g COD L -1 d -1 was used 131 (WAS2). The WAS1 was diluted with tap water in a 1:1 ratio to avoid overloading, while the 132 WAS2 was used as such, because of the lower VS content. Glycerol was added on day 48 as a 133 single additional pulse of 1 g COD Ld -1 to provoke organic overloading. Different pulses of 134 NaCl were added on day 118 (6.25 g Na + L -1 ), day 160 (12.5 g Na + L -1 ) and day 188 (25 g Na + 135 L -1 ). 136
The biogas production and composition were monitored three times a week, together with the 137 pH and conductivity of each digester. Biogas production values were reported at standard 138 The initial start-up period during which the OLR was steadily increased and hydraulic retention 215 time decreased (Table 3 ) over the first 27 days showed a steady increase in performance with 216 increasing methane production rates (Figure 1 ). For the next 21 days, steady-state conditions 217 were obtained in both digesters from day 27-47 ( Figure 1 ), reflected in a stable methane 218 production of 157 ± 33 and 316 ± 30 mL CH4 L -1 d -1 in the digesters fed fresh and sterile WAS, 219
respectively. The addition of glycerol caused a differential effect in the digesters fed fresh and 220 sterile WAS. A methane production rate of 224 ± 10 mL CH4 L -1 d -1 was observed in the 221 digesters fed fresh WAS on day 53, which is a 42 ± 31 % increase compared to the previous 21 222 days, because of the additional carbon source. In contrast, methane production decreased to 223 only 25 ± 12 mL CH4 L -1 d -1 in the digesters fed sterile WAS, reflecting a 92 ± 45 % decrease 224 compared to the previous 21 days. This was also reflected in a pH value of 7.16 ± 0.03 for the 225 digesters fed fresh WAS, while the pH in the digesters fed sterile WAS decreased to 6.68 ± 226 0.00. The recovery period was much longer for the digesters fed fresh WAS in comparison with 227 the digesters fed sterile WAS. Methane production and pH in the digesters fed sterile WAS 228 reached the same values as prior to the glycerol shock only on day 71, while for the digesters 229 fed fresh WAS, complete recovery was already the case on day 53 (Figure 1 & 2) . The residual 230 VFA concentration also showed an increase following the glycerol pulse ( Figure 2b ). The 231 increase in VFA production was a factor two higher for the digesters fed sterile WAS than for 232 the digesters fed fresh WAS, i.e., maximum concentrations of 4.15 ± 0.50 g COD L -1 (day 57) 233 and 1.96 ± 0.13 g COD L -1 (day 50), respectively, were obtained ( Figure 2b ). Overall, more 234 time was needed for the recovery of the digesters fed sterile WAS than for the digesters fed 235 fresh WAS. 236 237 3.1.2. The impact of increasing salt pulses 238
After the addition of glycerol and stabilisation of the digesters to a new steady-state, NaCl was 239 added as a novel disturbance. The increase in salt caused the increase in conductivity (Figure  240 S2). The first pulse of 6.25 g Na + L -1 on day 118 had only a limited, though clear influence on 241 the methane production, pH and VFA, as a limited decrease in methane production could be 242 observed in both digesters from day 120 on ( Figure 1) . A slight decrease in pH below the 243 optimal value of 7.0 could be observed from day 120 on, but only in the digester fed fresh WAS 244 ( Figure 2a ). In contrast, the residual VFA reached higher values in the digesters fed sterile WAS 245 ( Figure 2b ), yet, total VFA did not exceed 1 g COD L -1 . 246
A second pulse of 12.5 g Na + L -1 on day 160 resulted in a strong inhibition of the process, as 247 reflected in a strong decrease in methane production and pH, and an increase in residual VFA. 248
The methane production reached similar low values of 52 ± 5 and 58 ± 6 mL CH4 L -1 d -1 on day 249 162 for the digesters fed fresh and sterile WAS, respectively (Figure 1) . However, the relative 250 decrease in methane production was higher for the digesters fed sterile WAS (84 ± 8 %) 251 compared to the digesters fed fresh WAS (76 ± 8 %), due to the higher initial methane 252 production in the digesters fed sterile WAS. The decrease in pH was stronger for the digesters 253 fed fresh WAS (lowest value of 6.50 ± 0.02 on day 165) than for the digester fed sterile WAS 254 (lowest value of 6.77 ± 0.07 on day 165), but the difference in pH between the steady-state 255 values and the lowest value was the same for both digesters, i.e., about 0.5 units (Figure 2a ). 256
The increase in residual VFA was similar for both digesters, with maximum values of 2.59 ± 257 0.01 and 2.48 ± 0.56 g COD L -1 in the digesters fed fresh and sterile WAS, respectively ( Figure  258 2b). Complete recovery of both digesters was prior to the addition of the final pulse on day 188. 259
The decrease in methane production and pH showed a similar trend as in response to the pulse 260 of 12.5 g Na + L -1 (Figure 1 & 2a) . The decrease in pH was again stronger for the digesters fed 261 fresh WAS than for the digesters fed sterile WAS (Figure 2a ).The increase in residual VFA was 262 in this case slightly higher in the digester fed sterile WAS (3.27 ± 0.44 g COD L -1 on day 195) 263 than in the digester fed fresh WAS (2.52 ± 0.03 g COD L -1 on day 195) ( Figure 2b) . However, 264 similar to the previous NaCl pulses, process recovery took place, as can be observed in the 265 increasing biogas and pH values (Figure 1 & 2a) and decreasing residual VFA (Figure 2b Figure S3-S6) . The α-diversity analysis revealed a significantly higher richness H0 (P = 287 0.0025), and overall diversity H1 (P = 0.0015) and H2 (P = 0.0015) in the digesters fed fresh 288 WAS, compared to the digesters fed sterile WAS (Figure 4) . 289
Even though the addition of glycerol and sodium impacted the overall methane production 290 process, its direct effect on the bacterial community was limited. In total, 336 OTUs (7.7 % of 291 all OTUs) showed a significant (DESeqDataSetFromMatrix, P < 0.05) increase or decrease in 292 function of the increasing sodium doses. Although the shift in relative abundance in response 293 to the increased salinity could be detected for several dominant OTUs, such as OTU00004 294 (unclassified Rikenellaceae) and OTU00007 (unclassified Bacterium) ( Figure S6 ), this shift 295 was not observed on the different phylogenetic levels (Figure 3 & S3-S5). A differential impact 296 of the increased sodium concentration on α-diversity could be observed between the digesters 297 fed fresh and sterile WAS (Figure 4 ). For the digesters fed fresh WAS, a significant negative 298 correlation was observed between the sodium concentration and H0 (τ = -0.47, P = 0.021), H1 299 (τ = -0.69, P = 0.0006) and H2 (τ = -0.67, P = 0.0010) diversity. In contrast, the increasing 300 sodium concentration did not seem to impact the H0 ((τ = -0,06 P = 0.77), H1 (τ = 0.11, P = 301 0.55) and H2 (τ = 0.31, P = 0.11) diversity in the digesters fed sterile WAS. 302 303
Methanogenic community 304
Real-time PCR analysis of the total bacteria and different methanogenic populations revealed 305 a similar methanogens:bacteria ratio of 0.42 ± 0.23 % across all digester samples, excluding the 306 WAS samples. This indicates an overall strong dominance of the bacteria over the methanogens 307 (at least a factor 100 higher absolute abundance) in the microbial community. No clear effect 308 could be observed related to the feedstock sterilisation, although the methanogens:bacteria ratio 309 appeared to be higher in the digesters fed sterile WAS, especially in response to the salt pulses 310 ( Figure S7 ). The methanogenic community in the two WAS batches was similar, with a 311 dominance of the Methanosaetaceae, and this was also the case for the Inoculum (Figure 5 and 312 S8). 313
Overall, a significant difference (PERMANOVA, P = 0.0003) in the methanogenic community 314 profile could be observed between the digesters fed fresh and sterile WAS. After 48 days, prior 315 to the addition of glycerol or sodium, a first divergence between the digesters with fresh and 316 sterile WAS could be observed, with an increase in relative and absolute abundance of the 317
Methanosarcinaceae in the digesters fed fresh WAS (13.6 ± 1.9 %), compared with the 318 digesters fed sterile WAS (2.6 ± 1.0 %) ( Figure 5 ). The first and only pulse of glycerol, prior 319 to the addition of sodium (day 118), did not provoke a clear effect on the methanogenic 320 community in the digesters fed fresh WAS. In contrast, the Methanosarcinaceae showed a clear 321 increase in relative abundance (88.0 ± 6.7 %) on day 118 in the digesters fed sterile WAS, 322 which was mainly due to the decrease in absolute abundance of the other methanogenic 323 populations ( Figure S8 ). This increase in relative and absolute abundance of the 324
Methanosarcinaceae was maintained in the digesters fed sterile WAS in response to the 325 increasing sodium pulses (day160, 188 and 207). In contrast, even though the 326
Methanosarcinaceae also increased in relative and absolute abundance in the digesters fed fresh 327 WAS in response to the increasing sodium pulses, the Methanomicrobiales became dominant 328 on day 188 and especially day 207, reaching a relative abundance of 50.7 ± 2.6 %. The 329
Methanomicrobiales became also more dominant in the digesters fed sterile WAS, though the 330 Methanosarcinaceae remained their dominancy. 331 332
Discussion 333
Inoculation of the microbial community in anaerobic digestion via the feedstock, in this case 334 waste activated sludge, resulted in a differentiating impact with respect to resistance to 335 disturbances. The microbial community in the feedstock positively contributed resistance to 336 organic overloading, in contrast to applying a sterile feedstock. However, a collapse in methane 337 production in response to increasing salt pulses could not be prevented through feedstock 338 inoculation, and process recovery took place irrespective of an active microbial community in 339 the feedstock. Feedstock sterilisation strongly impacted the microbial community in the 340 digesters in terms of composition and organisation. 341 production. Because of the rather low organic loading rate and limited biodegradability of the 388 WAS, the VFA accumulation potential was low, and residual VFA increase and pH decrease 389 remained limited in both cases. Therefore, based on the results of both disturbances, i.e., 390 glycerol and NaCl, it could be hypothesized that long-term inhibition in AD is not caused by 391 the cations themselves, which only temporarily inhibit methanogenesis, but rather by the 392 subsequent accumulation of VFA that permanently inhibit methanogenesis at higher organic 393 loading rates (Mischopoulou et al. 2017; Zhang et al. 2017a ). The similarity of both treatments 394 demonstrates that the microorganisms in the feedstock apparently did not have an influence on 395 the inhibition caused by salts. This indicates that process inhibition in AD is a consequence of 396 a tilting balance in terms of VFA accumulation, as a consequence of another disturbance, 397 resulting in a pH drop (Kugelman and McCarty 1965) , rather than being directly caused by the 398 disturbance. This hypothesis remains to be confirmed through other disturbances. 399 This was also reflected in our study, as especially the addition of multiple salt pulses affected 406 the bacterial and archaeal microbial community. However, this effect was clearly 407 overshadowed by the differential impact of using fresh vs. sterile WAS as feedstock. This 408 observation emphasises the importance of the feedstock composition with respect to the 409 microbial community on two levels. First, even though certain operational parameters, such as 410 temperature and solids retention time, can be set by the operator, the feedstock composition 411 determines the microbiome (Sundberg et al. 2013; Zhang et al. 2014 ), related to the 412 abovementioned parameters. In our study, the impact of sterilisation of the feed, which also 413 changed the WAS chemical composition, on the process itself at stable conditions was obvious, 414 related to the increase in methane production, pH and residual VFA at steady-state conditions. 415
Second, the influx of microorganisms can be a key factor that influences or even steers the AD 416 The impact of feedstock inoculation on the microbial community can be considered on different 429 levels and across the domains of life. The strong difference in bacterial community composition 430 already at the phylum level can be partially contributed directly to the WAS. For example, the 431 digesters fed fresh WAS contained a higher relative abundance of Proteobacteria, thus, 432 reflecting the dominance of this phylum in the WAS itself. This was also reflected on the other 433 phylogenetic levels. A similar result was obtained for the methanogenic community, because 434 even though the absolute abundance of the methanogens in the WAS was up to a factor 10-100 435 lower than in the digesters, the digesters fed fresh WAS showed a similar profile as the WAS 436 itself during the first sampling points. The strong dominance of the Methanosarcinaceae in the 437 digesters fed sterile WAS could be due to their high growth rate at higher residual VFA 438 
Conclusions 448
We demonstrated the importance of feedstock inoculation with respect to process performance 449 and resistance towards disturbances in anaerobic digestion. A differential effect of feedstock 450 inoculation was observed, as the microorganisms in the feedstock contributed to process 451 stability in response to a glycerol pulse, while this was not the case for increasing salt pulses. 452
Process recovery following the salt pulses took place irrespective of inoculation via the 453 feedstock. Feedstock inoculation strongly determined the bacterial and archaeal community 454 composition and organisation in the digesters, providing additional process stability security. 455
Overall, this opens the need to consider feedstock inoculation with feedstocks rich in suitable 456 microorganisms for anaerobic digestion, such as waste activated sludge and manure, for full-457 scale anaerobic digestion processes as a "right-of-the-shelve" strategy to enhance process 458 
